1. Two-hundred and forty duplicate estimations of physiological dead-space volume ( VD) were made in forty-eight healthy subjects (twenty-four men and twenty-four women) aged from 20 to 74 years, to assess the predictive accuracy of various standards.
in VD/VT with age, but even in a narrow age-group the standard deviation (SD) of VD/VT in these studies was up to 8%. We believe that the adoption of the ratio standard for dead-space volume leads to fallacies (Tanner, 1949) , which have not been adequately recognized. The present paper is to present the results of 240 duplicate estimations of VD in forty-eight normal subjects aged from 20 to 74 years, to examine the fallacy inherent in the ratio standard, and to explore the possibility of more exactly predicting VD from data readily obtained in routine studies of respiratory function.
M E T H O D S Subjects
Forty-eight subjects were studied, eight men and eight women in each of the age-groups 20-30,40-50 and 60 years and over. None were hospital patients. Most of the men older than 60 years were members of a businessmen's fitness club, but apart from these subjects there was no bias towards unusually fit people. None had cardiac or respiratory symptoms. Smokers were not excluded, but the presence of cough (Medical Research Council, 1965 ) disqualified the subject no matter how fit he was in other respects. The purpose of the study and the procedure were fully explained to each volunteer, before the study began, in the presence of a witness, but signed consent was not obtained. All subjects freely assented to the study, and there were no complications.
All subjects were examined clinically for evidence of cardiac or pulmonary disease, and had had normal chest X-rays within 1 year of the study. Vital capacity and forced expiratory volume in 1 s were within normal limits (Needham, Rogan & McDonald, 1954) in every case. Subjects had a light lunch not later than 11.30 hours; the study began at 13.30-14.00 hours.
Procedure
The experiment was designed to give information about alveolar-arterial Po, differences at different inspired 0, concentrations, in addition to the data on V,,. These results will be reported elsewhere, and the description of the procedure given here is suitably abbreviated.
A nylon catheter was placed in the radial artery under lignocaine analgesia by the technique of Seldinger (1953) . The subject then sat comfortably in a dental chair with its back-rest at right-angles to its seat. The whole chair was tilted backwards at about 75" to the horizontal, just enough to prevent the subject sliding forwards during the study. Humidified gas mixtures were delivered to the subject from a gas-mixing device (Cunningham, Cormack, O'Riordan, Jukes & Lloyd, 1957 ) through a low-resistance respiratory valve of dead-space volume 37 ml. Expired gas was led, through a combined 8-litre mixing-chamber and moisture-condenser, to a low-resistance dry gas-meter (Parkinson Cowan, CD4) which was fitted with a photoelectric counter to record the passage of each litre on an ink-recorder (Mingograf 800). Respiratory frequency was obtained by recording the signal from a pneumotachograph head placed in the expiratory line. Two sampling lines, one 2 cm distal to the inspiratory flap of the respiratory valve and the other from the distal end of the expiratory mixing-chamber, led to an infra-red CO, analyser (Hartmann and Braun, URAS-M), the output of which was read from a digital volt-meter (Dana 4430). Confidence limits of 95% for a single CO, analysis were -+ 0.023 vol.%, using a calibration procedure described elsewhere (Harris, 1973) .
Each subject breathed, in succession, five different 0, + Nz mixtures at approximate 0, concentrations of 14, 21, 40, 60 and 100%. 'Pure' 0, was always given last; the order of the administration of the other four mixtures was varied by two 4 x 4 Latin squares for the eight subjects in each age-and sex-group. Each mixture was breathed for 10 min before any measurements were made. Ventilation, respiratory frequency and COz concentration from each sampling line were then recorded every minute; the CO, concentration just distal to the inspiratory flap gave a good check on the competence of the flap, and was always less than 0.03% by volume. Constancy of expired-gas composition was achieved in every case by the fifteenth minute. Recordings were then continued for a further 6 min, during the second and fifth minute of which 5 ml samples of arterial blood were drawn into heparinized glass syringes (dead-space volume, with steel mixing-washer, 0.3 ml). Sampling was carried out as evenly as possible at 1.25 ml every 15 s. Blood Pco, was determined within 20 min, using a Radiometer electrode at 37°C and either a Radiometer PHM 72 or a Beckman 160 electrometer. The reading was corrected to the oral temperature of the subject (Kelman & Nunn, 1966) . For a single estimate of Pco2, 95%-confidence limits lay between k0-41 mmHg. Both electrode systems were calibrated with gas mixtures analysed by the Lloyd-Haldane method (Lloyd, 1958) and were checked after each experiment by rotating-flask tonometry. The records of the final 6 min period were analysed in two halves, each of 3 min and each including a sample of arterial blood during its second minute. V, was calculated for each 3 min period by solution of the Bohr equation, taking alveolar Pco, (PA,co,) equal to arterial Pco, (Pa,co,) and inspired air Pco, (PI,CO~) = 0. The dead-space volume of the respiratory H valve, 37 ml, was subtracted from the calculated V, and, for calculation of VD/VT, from VT also. From each of the five inspired mixtures administered, a duplicate estimation of VD was thus obtained, making ten single estimations for each of the forty-eight subjects.
R E S U L T S

Reproducibility of V, measurement
The mean difference between duplicates in 240 duplicate determinations was 1.47 (SD 21.70; SEM 1-40) ml. Since the mean difference was not significantly different from zero, there was evidently no systematic change in V, from one estimate to the next in a duplicate measurement.
The 95%-confidence interval for a single determination of V, (+ 1 SD of the difference between duplicates) was f 21 *7 ml, and for the mean of duplicate determinations (& 1 SD/J2) it was +I5 ml.
Eflect of inspired PO, on V,
This was tested for each sex-and age-group separately, and for all subjects combined, by means of paired t-tests between the different inspired O2 concentrations (R,02). Only one difference was significant at better than the 5% level. This was for women aged 40-50 years, in whom mean VD increased from 125.7 to 132.9 ml between 21 and 40% FI,o, (0405<2P< 0.0 1). This single difference was ignored in making subsequent calculations and comparisons.
Sex direrenee in VD
V, for men and women was compared by an unpaired t-test for each age-group, using measurements at all levels of FI,o, (Table 2) . At all ages mean dead-space volume for men was significantly larger than that for women. 2P refers to the significance of the difference from zero using a twotailed t-test.
Regression of V, on VT
An equation of the form V, = a + bV, was fitted by least squares to the data of men and women and for both sexes combined. The results are shown in Table 3 and Fig. 1 . In the men, V, was not significantly correlated with V,. The women showed a significant increase (2P< 0.05) in VD of 84 ml per 1 increase in V,. The regression coefficients (6) for men and women were not significantly different (2P > 0.50). When men and women are considered together, the regression coefficient increases to 188 ml/l and the correlation becomes highly significant (2P<0.001). 
Multiple regression of VD on other variables
Equations of the form y = a + b,x, + b2x2 + b3x3 + b4x4 were calculated, putting V,, = y and using various combinations for x1 -x,. Age in years was always assigned as x1 and V, as x3. Height in cm, crown-rump height, and weight in kg were variously used as indices of body size and assigned as x2. Respiratory frequency, f, or its reciprocal, l00x was assigned as x,. Table 4 summarizes the results of these calculations. In each case, the goodness of fit was assessed by the multiple correlation coefficient rYl, 234.
All the correlations were highly significant (2P< 0.001) and all were considerably higher than the single correlation between VD and V, (0.4122, Table 3 ). The highest correlation was found between V, and a combination of age, height, VT and lOO/f. The equation giving the best multiple correlation for men and women combined was :
In order to calculate the SD of a measured value of VD about regression, this equation was used to predict VD from age, height, VT andf, and a regression calculated of measured on predicted V,. Subject to rounding-off errors the regression line was the line of identity; the SD about regression was 24.7 ml. Fig. 2 is a plot of measured against predicted V, using the equation above. Confidence limits, calculated for greater than 200 degrees of freedom (specifically 238) are single-sided, since clinically one is rarely concerned to detect an abnormally small V,.
VD/VT ratio To add, average and otherwise manipulate ratios is open to mathematical objection, but this is inescapable if VD/VT is chosen as a reference standard. In the present study, V,/VT was consistently smaller in women than in men, and in younger than in older subjects. Mean detailing these results has been deposited with the Librarian, Royal Society of Medicine, 1 Wimpole Street, London, W.l, who will issue copies on request.
VD was predicted in each subject from the measured VT and the mean VD/VT ratio. Four separate predictions of VD were made: first, by the mean V,/V, ratio without regard to sex or age, then by the mean V,/VT ratio selected for sex, next for age and finally for age and sex. In each case, the SD of the difference between measured VD and predicted VD was calculated, yielding the upper four values in Table 5 . The best prediction was, as expected, from the ageand-sex selection, for which the SD was 33-9 ml.
DISCUSSION
Reproducibility of a measurement of VD
Aksnes (1 962) found a mean difference between seventy-eight duplicate measurements of V, of 5.33 (SD 54 .7) ml. The present values of 1.47 (SD 21.7) ml compare favourably, and probably reflect, in part, the bigger number (240) of duplicates. Perhaps, too, the.present studies allowed the attainment of a more stable state; we believe that a catheter, which is so easily introduced, has a great advantage in this respect over an indwelling needle in an artery, since a subject becomes almost unaware of its presence.
In routine work in our laboratory, two measurements of VD are always averaged, and the present study shows that this average value has 95x-confidence limits of
Relation of V, to VT
The prediction of V, from V, implies the acceptance of a particular numerical relationship between the two, with or without the grouping of subjects by age and/or sex. The simplest relationship of this kind is given by A VD/A VT, and it is of interest to examine the values of this ratio given by the various forms of correlation procedure.
Taking the single regression of V, on VT (Table 3 ) the V, of men was found to increase by 50 ml/l, although the insignificance of this correlation destroys its predictive value. The VD of women increased significantly by about 80 ml/l. For men and women combined, A VD/A V, was 190 ml/l and correlation was higher than for either sex separately. The marked improvement in correlation is clearly spurious. As men are bigger than women, they probably have a different distribution of V, with respect to V, .
The best-fitting multiple regressions (Table 4) yield partial regression coefficients of V, on VT of 340 ml/l for men, 170 ml/l for women and 270 ml/l for the sexes combined. The VD/VT standard gave average values (Clinical Science and Molecular Medicine effects on V,. Nevertheless, in a single subject, V, alone probably accounts, in a fairly systematic way, for moderate variations in these other factors. To extend the relationship between V, and V, to include different subjects is quite another matter; not only does the relationship between V, and the frequency, breathing pattern and end-inspiratory volume become confounded, but the additional variable of body size is introduced. It would be surprising if, under these circumstances, V, should retain much precision as a reference standard. Secondly, the choice of the V,/V, ratio as the standard entails an additional mathematical fallacy, fully discussed by Tanner (1949) . A ratio standard is valid only if the regression line between the two variables passes through the origin. If the regression of V, on V, makes an appreciable intercept with the V, axis, it follows that at low tidal volumes the VJVT ratio standard will underestimate the normal V,, and at high tidal volumes it will overestimate VD.
Put another way, at low V, the actual V,/V, ratio will appear too high, and at high V, an abnormally high VD/VT ratio may appear normal.
The regression standard
It is evident, first, that the ratio standard is unacceptable and unnecessary and, secondly, that a regression standard should take account of more variables than V,. What other variables should be included?
(1) Body size. We tried three indices of body size, namely height, crown-rump height and weight. The best correlation for men was found with height, for women with weight (Table 4) . When the data for men and women were combined, the best correlation was again with height. The choice is therefore between a single equation for the sexes combined and separate equations for men and women. For practical reasons we favour the former: as shown in Table 5 , the accuracy of prediction of VD is little affected by which multiple regression equation is chosen; moreover, weight is more subject than height to variations which seem unlikely to affect dead-space volume. According to the best-fitting combined equation @3), VD increased by 17 ml for every 10 cm increase in height. This is of the same order as the increase in anatomical dead-space volume reported by Hart, Orzalesi & Cook (1963) over a similar range of heights, although the log-log regressions of these authors are not directly comparable with our linear ones.
(2) End-inspiratory lung volume. This is obviously important (Lifshay et al., 1971) , but its measurement would add considerably to the difficulties of routine dead-space volume measurement. It is possible that a single measurement of functional residual capacity (FRC), not necessarily at the same time as the VD measurement, would allow a useful increase in precision, but we have not so far attempted this.
(3) Age. This is easily introduced, and to judge from the partial regression coefficients of V, on age (Table 4 ) it appears worthwhile. Men and women were closely comparable in this respect, showing an increase in V, of 9 ml and 8 ml respectively for every 10 years of age. Hart et al. (1963) were unable to show an effect of age, apart from that due to body size, in the nitrogen (anatomical) dead-space volume in subjects from 4 to 42 years of age. The effect of age on the CO, dead-space volume is thus presumably due to increasing ventilation/perfusion variance. We report elsewhere on the alveolar-arterial P o , differences in these subjects (Harris, Kenyon, Nisbet, Seelye & Whitlock, 1973) . (4) Breathing pattern. This is difficult to express numerically, but we thought that frequency might characterize it fairly well. The effect of breath-holding on dead-space volume is well known, and is presumably due to a decrease in stratified inhomogeneity (Farhi, 1969) . The decrease in V, is a function of breath-holding time (Norris, 1967) . During ordinary breathing, therefore, one might expect V, to be better correlated (negatively) with the reciprocal of frequency than (positively) with frequency as such. This was confirmed (Table 4) by the higher multiple correlation coefficient obtained when 100/fwas used instead off. The magnitude of the correction for frequency is, again, appreciable; at a frequency of 20 breaths/min, the VD is on average 65 ml higher than at 10 breaths/min.
It must be noted that the frequencies and tidal volumes used in this study were those spontaneously chosen by resting subjects. No attempt was made, in any subject, to vary either. The conclusions apply therefore only within the observed ranges, namely:f17.0 (SD 3.36), 99% interval 8.3-25.6 breaths/min, and V, 429 (SD 93.4), 99% interval 186-672 ml.
Sex diference in VD
V, is significantly smaller in women than in men (Table 2) ; is this a true sex difference? The difference persists after allowance is made for V,, either by regression of V, on V, (Table  3) or by VD/V, ratios. The question arises as to whether, and how far, the sex difference is decreased when additional allowance is made for age, frequency and body size.
This question was further studied by the following procedure. The best-fitting multiple regression equation for the men (Table 4 ) was used to predict VD for both men and women, and mean differences between measured and predicted VD were calculated for each sex. The mean difference for men was -0.0167 (SD 25.04) and for women, 0.1667 (SD 25.4) ml. This seemed to show that the multiple regression obliterated the sex difference. The converse was then tried: V, for men and women was predicted by the women's multiple regression on age, height, V, and loo/' For women, the mean difference between measured and predicted V, was zero (SD 22.7); for men, 13.6 (SD 28.9) ml (2P<0.001). This result indicates that while multiple regression considerably decreases the difference in VD due to sex, the male and female populations are still not quite homogenous. There may therefore be a basic sex difference of some kind, the nature of which is obscure. For practical purposes, however, there is little to be gained in predictive accuracy (Table 5 ) by the use of separate multiple regression equations for men and women.
Precision of the estimate of VD
The accuracy with which VD can be predicted is reflected by the SD of the difference between the measured and predicted values. This is listed in Table 5 for various prediction standards. As expected from Tanner's (1949) argument, prediction was less exact when using mean V,/V, ratios than by regression of V, on V,, and the selection of VD/VT by sex did not appreciably improve this standard. Selection of VD/V, ratio for age, and especially for both age and sex, gave a more exact prediction. By regression of VD on V,, a tolerably accurate prediction was obtained for women (SD 27-5 ml). However, the corresponding prediction for men is unusable because the correlation for them was insignificant. A combined prediction for men and women, besides being statistically objectionable, is almost as imprecise as the unselected V,/ VT ratio.
Multiple regression gave far the most exact prediction. If this standard is chosen, it is possible to state single-sided intervals, which must be added to the predicted value in order that a measured V,, be regarded as normal or abnormal with any given degree of confidence. To the nearest ml these are, for P = 0.05,41 ml; 0.025,49 ml; 0.01,64 ml; 0.001 , 83 ml. At P = 0.05, the interval 41 ml may be compared with & 15 ml, the 95%-confidence interval of the mean of a duplicate estimate of V,. It may be concluded that, of the error in prediction, up to about onethird is due to error of measurement.
Conclusion
The results of this study suggest, we believe, that the VD/VT ratio standard should be abandoned, because it is theoretically objectionable and practically inexact. Nor should a simple regression standard of V, on VT be adopted, because it fails adequately to allow for variations between individual subjects. The most satisfactory standard is one which allows for age, body build and respiratory frequency in addition to V, . The inclusion of a term for end-inspiratory lung volume might improve prediction still further, but at this level of accuracy the technical errors of V, measurement could well prove dominant.
